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ABSTRACT Zwitterionic water chains spanning the hydrocarbon layer with an H+ attached to one end and an OH- to
the other end are suggested to be H+ and OH- conductors. They explain higher H+/OH- fluxes and their very weak
dependence on pH.
The permeability of H+ or of OH- around pH 7 is up six to
seven orders of magnitude higher than the permeability of
other monovalent ions (1-5). However, the fluxes of H+ or
OH- depend little on pH or on the concentration of H+ or
of OH- in this region. This means that the permeability
decreases as the pH deviates from neutral pH to lower or
higher pHs. Onsager (6) suggested that hydrogen-bonded
water chains could serve as H+/OH- transfer channels.
Such hydrogen-bonded proton conducting water chains
connected to active sites of proteins were invoked in
theoretical models of bioenergetic functions (7-10).
According to Nicols et al., these hydrogen-bonded water
chains do not translocate any other ions besides H+ and
OH- (1, 2). The hydrogen-bonded water chains per se
cannot explain the lack of dependence of the H+ or OH-
fluxes on their concentrations (4, 5). I wish to suggest here
existence of zwitterionic hydrogen-bonded water chains,
with their concentration proportional to the product of the
concentrations of H+ on one side of the membrane, and of
OH- on the other side, and conversely, for the zwitterionic
channels with opposite polarity. Their stationary concen-
tration as well as their H+/OH- permeability are supposed
to be higher than that of channels with only one charge
(H+ or OH-) adsorbed on one side. This model just like
any other model based on hydrogen-bonded water chains
requires a sufficiently high concentration of water in the
hydrocarbon layer.
WATER CONCENTRATION IN THE
HYDROCARBON LAYER
The water concentration in the hydrocarbon region Cm of
the lipid bilayer cannot be measured directly. We can
estimate it from the water permeability Pw (-2 - 10-3
cm/s) (11) and from its diffusion coefficient D' in the
hydrocarbon layer of thickness 3.
D' can be derived by the Stokes-Einstein equation from
the measured microviscosities (12,13) (n 0.3-0.7 poise).
Taking 1.8 A for the radius of the water molecule, one
obtains for D' 1.5-3 * I07 cm2/s. This gives according to
Eq. 1 for Pw = 2 10-3 cm/s and 5 = 2.6- 10-7 cm a
concentration of 1.2 ± 0.4 * 10-4 M/cm3. Assuming for a
mole of hydrocarbon chain a volume of 250 cm3 this
corresponds to a molar fraction of 3 ± 1 * 10-2. For water
aggregates, the calculated diffusion coefficient would be
lower and the concentration in the membrane hydrocarbon
layer higher.
WATER CHAIN FORMATION
Hydrogen bonding is responsible for water chain formation
with a binding constant determined by the negative expo-
nential of the free energy of the bond formation. The
negative value of the energy is highest for the sequential
arrangement of the water molecules. It is appreciably
lower in the case of branching when double acceptors or
double donors are involved (14). We shall consider there-
fore only sequential, linear water chains. The hydrogen
bonding increases because of charge transfer energy con-
tribution, with the chain length up to n = 5 when it
becomes constant.
For the sake of simplicity we shall assume here that the
binding constant of a water molecule to a growing chain
does not depend on the chain length. The hydrogen-bond
formation energy in a dimer in a dielectric medium of 2.2 is
-4.2 kcal/mol or 7 kT (15). In a five-membered chain or
longer it is -9 kT (14). The energies of 7, 8, and 9 kT
correspond to binding constants of Kb = 1,100, 3,000, and
8,000 when the calculation is done in molar fractions. The
molar fraction of an n-membered chain Xnw containing
n - 1 hydrogen bonds is
xnw =4/'- Xn.
(1)m DPw = 18CW a .
(2)
The total molar fraction of water in monomeric units is
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given by
(Xw)l= = (1 - KbX)2- (3)
The formed water chains will tend to orient normally to the
hydrocarbon layer surface because of the polar boundaries
and the alignment by the hydrocarbon chain. Since the
O-O distance in a hydrogen-bonded water chain is 2.82 A
(14), we need a 9 to 10-membered water chain to span the
hydrocarbon layer and the chain spanning the layer cannot
be much longer than that. Any 10-membered chain or
longer within the hydrocarbon layer can be considered to
be in equilibrium with a constant K, with chains of average
length n, spanning the layer. Thus the total molar fraction
of the water in both types of configurations is
(X),otal = 2X + nsX.KS IK X-(lI- KbXW)' 1- KbX, (4)
If we take ns = 10 and KS = 1, X,W calculated from Eq. 4 is
not very different from that calculated by Eq. 3 and the
fraction of the water molecules participating in the chains
spanning the hydrocarbon layer varies between 0.23 and
0.27 when Kb varies from 1,100 to 8,000. If KS = 10, the
water fractions spanning the layer are 0.66 for Kb = 1,100,
0.72 for Kb = 3,000, and 0.79 for Kb = 8,000, whereas the
respective values of X,w are 10% lower than those calcu-
lated by Eq. 3. From this calculation and from the assessed
water concentration, and taking into account the cross-
sectional area of the water chain is 10 A while that of a
hydrocarbon chain is -35 A, we estimate the number of
water chains to vary between 4 * 1011 and 1012 per cm2.
H+/OH- ADSORPTION BY WATER CHAINS
The spanning water chains can adsorb H+ or OH- at the
polar boundary. Attachment of a charge at the end of a
water chain augments the charge-transfer energy resulting
from the mixing of molecular orbitals and induces an
electron shift along the chain. The electron shift depicted
in Fig. 1 forms a partial charge on the other side of the
membrane which becomes an acceptor of the counter ion.
Thus, if a proton is adsorbed on the chain on one end, a
hydroxyl will tend to adsorb on the partly charged other
end and vice versa. The fractions of the zwitterionic water
chains of the two opposite polarities Xnj+I- and X,1-/+ will
be then given by
X.w /XW=K XH+ X(OH)-
and
X.w / /xn= K XH+X(OH) (5)
where X1O(2)OH-) are the respective molar fractions of H+ or
OH- in the solutions on the two sides of the membrane. Kz
is probably many orders of magnitude lower than the
association constant to water but sufficient to maintain a
concentration of the zwitterionic water chains higher than
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FIGURE 1 Charging process of linear water chains.
those with only a single charge attached. We shall estimate
the zwitterionic water-channel concentrations from the
measured and from the calculated channel permeabilities
1',:
X. DH /OH-
P.Z= 1xl 2-e Ea/RT,XH+ - XH+ a (6)
where X, is the molar fraction of zwitterionic channels in
the membrane, DH+/OH- is the diffusion coefficient of H+ or
OH- without any electrostatic barrier, and Ea is the
activation energy given by the maximal electrostatic
energy of a charge in the channel.
H+/OH- TRANSLOCATION ALONG
WATER CHAINS
The energy profile of a charge passing a channel can be
calculated numerically by summing up its interaction
energies with the membrane surface charges, according to
Levitt (16). Similar but higher energy values are obtained
by an approximate equation which combines the energy
required to transfer the charge into an infinite pore (17)
and the energy of interaction with the membrane surface
charge
e2EW\e21 1\2EWAE = -P /+ n-Ea \Em/ 2Em\2d1 2d2/ Ew +Em (7)
P (E./Em) is -0.17 for E/,I/em = 40, d, and d2 are the distances
of the charge from side 1 and side 2 of the water channel
d, + d2 = 4. In the case of a zwitterionic water channel the
electrostatic interaction energy AEes between the passing
charge and the one on the receiving end of the channel is
added. To compute this electrostatic interaction energy an
effective dielectric constant Eef is assumed which is obtained
from the relation:
e2
tef "'2Ea (8)
BIOPHYSICAL JOURNAL VOLUME 52 1987498
Ae., at a distance d from the charge on the receiving end of
the channel then becomes
= 2 (id +dr) 9(&fa ffr2 (9
In Fig. 2, a and b the energy profiles of a single charge
passing a channel of radius 1.8 A and dielectric constant
80, as obtained by numeric computation according to
Levitt (16) and by the approximate Eq. 7, are presented. In
the same figure a charge passing through a zwitterionic
channel of the same size and dielectric constant is also
given. Its energy in the channel is lowered by AE¢s as
obtained from Eqs. 8 and 9. The numeric computation
according to Levitt yields an activation energy of 16.5 kT
in an open channel and 14.3 kT in a zwitterionic channel.
The approximate equations yield activation energies that
are higher by -20%. Assuming DH+/OH- = 5 x 10-5 Cm2/S,
6 = 2.6 x 10-7 cm, and AE8 = 14.3 kT, we obtain
DH+0OH-/6eEa/kT _ 1.2 x 10-4 which is nearly equal to the
measured permeabilities. This means that X, in Eq. 6 is
about equal to the molar fraction of H+ in water around
pH 7 t 2 x 10-9. Taking into account that the cross-sec-
tional area of a "liquid" hydrocarbon chain is -33 A2, the
number of zwitterionic chains per cm2 is -6 x 1O5 which is
_ 106 smaller than the total concentration of water chains.
A higher activation energy, e.g., the one obtained by Eq. 7
(16.5 kT), and lower value for DH/OH would yield up to I03
times higher concentrations of zwitterionic chains. Accord-
ingly, the estimated values of Kz (Eq. 5) would be 103_106
times smaller than the association constant of H+ and OH-
to water.
TIME CONSTANTS OF THE DIFFERENT
STEPS IN THE MODEL
The model involves three steps after the water chain
formation (a) H+/OH- adsorption on one side of the
chain, (b) OH- or H+ adsorption on its other side, and (c)
H+/OH- translocation along the chain. The stability time
constant of a water chain can be identified with the time
20
kT FIGURE 2 Energy profile of a
16 / H+(OH-) charge passing along
a water chain of a radius of 1.8 A
spanning the hydrocarbon layer.
12 The upper two curves (left ordi-
kT nate) were calculated by the
8 _ |16 approximate Eq. 7. The lower
two curves (right ordinate) were
4
_ / / \\ 12 computed numerically according
4 / to Levitt. The lower curves in
8 each group were calculated for
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account the electrostatic interac-
4 tion between the passing charge
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required to break a hydrogen bond around the middle of
the chain and to transfer a part of the broken chain beyond
a hydrocarbon chain to break the continuity of the water
chain. This distance corresponds to the sum of the diame-
ters of a water molecule and the hydrocarbon chain which
is -d = 8 A. From here,
d2
'r - eE/kT 1O-4 S.2D
This time is six to seven orders of magnitude higher than
the relaxation times measured in hydrogen-bonded system
by nuclear magnetic resonance (18) or mention scattering
(19) where the transitions are between equivalent states.
H+ and OH- adsorption is diffusion controlled and at pH 7
the adsorption times of H+ and ofOH- are - 10-5 and 2 -
10-,, respectively, which is within the stability time of the
water chain. On the other hand the time required for a
proton to reach the middle of a 25-A-thick hydrocarbon
layer with a diffusion coefficient of 10-5 cm2 s-' and an
activation energy of 14.3 kr, is -25 10'3 s. This is
considerably longer than the chain stability time of 10-4 S.
According to this, only a fraction of the chain charging
H+'s and OH's are translocated. However, attached
charges strengthen the hydrogen bonds (14) and may
increase the chain stability for more than 10-4 S.
CONCLUSIONS
We can conclude that zwitterionic water channels can
exist and they can explain the H+/OH- permeability at
neutral pHs and the independence of the H+/OH- fluxes
on pH. They may be also responsible for proton transfer
between active sites of membrane proteins (7,10). The next
objective should be to look for experimental evidence for
the existence of these chains to support or to disprove this
model. This is a very difficult task since the water channels
are in equilibrium with bulk water and can exist only in the
presence of a large excess of water. One could possibly
design a nonequilibrium experiment in which the external
water would be displaced before affecting the water chains
within the hydrocarbon core which could be then detected
by a spectroscopic method.
A simpler and a more realistic approach would be the
determination of the ratio of H+/OH- to ordinary ionic
permeability below the phase transition of the lipid mem-
brane. The ordinary ionic permeability is by orders of
magnitude lower below than above the phase transition of
the lipid layer (20). The H+/OH- permeability according
to the suggested model should not be that much lower
below the phase transition. Even though this experiment
does not provide anything definitely, it could add support
or cast doubt on the model.
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